Introduction {#sec1}
============

Breast cancer, one of the three most common cancers worldwide, is the most common malignancy in women.[@bib1]^,^[@bib2] Because of the changes of lifestyle and the initiation of screening programs, the morbidity of breast cancer is increasing over years. Many effective therapies, including endocrine therapy, neoadjuvant therapy, anti-human epidermal growth factor receptor 2 (HER2) targeting, and the combination, have been used in clinical practice, making substantial progress at breast cancer therapy. However, the mortality of breast cancer remains very high, being the most common cause of death from cancer in developing countries and second to lung cancer in developed countries.[@bib1], [@bib2], [@bib3] What's worse, patients with breast cancer gradually became resistant to the existing therapies.[@bib4]^,^[@bib5] To achieve long-term disease control, there is an urgent need to discover and develop new, effective cancer drugs.[@bib6]

Cancer immunotherapy has shown promising potential in the treatment of hematopoietic and solid tumors in recent years, achieving long-lasting complete responses and improving the overall survival in a fraction of patients with refractory or metastatic cancers.[@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14] In the context of cancer immunotherapy, immune checkpoint inhibitors have achieved unprecedented success both in preclinical models and in clinical practice, with increasing approved indications and an increased response rate. However, patients who benefited from checkpoint inhibitors are still limited.[@bib15] An exciting discovery is that microorganisms can modulate host responses to cancer therapy, and several microorganisms and their products can directly contribute to tumor shrinkage.[@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24] However, the safety and specificity concerns impeded the development of live microorganisms as anticancer agents. Identification of specific components owing to the efficiency of live microorganisms may be the solution to the problem.[@bib22]^,^[@bib25]

Detoxified pneumolysin derivative ΔA146Ply is a pneumolysin mutant lacking hemolytic activity.[@bib26] Our previous studies have proven that immunization with recombinant fusion protein ΔA146Ply-DnaJ protects mice from lethal *Streptococcus pneumoniae* infection,[@bib27], [@bib28], [@bib29] whereas ΔA146Ply was used as an adjuvant. ΔA146Ply stimulation leads to increased secretion of interferon (IFN)-γ, interleukin (IL)-4, and IL-17A by splenocytes, indicating activation of helper T cell immune responses.[@bib29] These results established the potential of ΔA146Ply as an immunomodulation agent. Increasing evidence has demonstrated that microorganisms and their products inhibit tumor growth, partially through intracellular signaling pathway modulation and immunomodulation.[@bib18]^,^[@bib22]^,^[@bib23] Whether ΔA146Ply has anti-breast cancer activity or can enhance host responses to other antitumor therapies is still unknown.

Berbamine (BBM), isolated from traditional Chinese medicine (TCM) *Berberis amurensis*, is a natural bisbenzyl isoquinoline alkaloid.[@bib30] It has long been used in clinical practice to treat patients with low levels of white blood cells caused by chemotherapy or radiotherapy.[@bib30] It also protects the heart from ischemia/reperfusion injury in a preclinical model.[@bib31] In addition, several studies have reported the antitumor activities of BBM against a variety of cancer types, including leukemia, liver cancer, lung cancer, and breast cancer.[@bib32] In the context of breast cancer, BBM has been proven to inhibit tumor cell growth, migration, and invasion. Whether BBM suppresses breast cancer growth *in vivo* or enhances host responses to other antitumor therapies remains to be proven.

In the present study, we investigated the efficacy of the combination therapy of ΔA146Ply and BBM against breast cancer both *in vitro* and *in vivo*. We also evaluated the safety of the combination therapy *in vivo*. Our results demonstrated that the combination therapy significantly inhibited tumor cell proliferation, promoted cell apoptosis, caused cell-cycle arrest, and suppressed cell migration and invasion. *In vivo* the combination therapy significantly suppressed tumor growth and prolonged the median survival time of tumor-bearing mice. Mechanism studies showed that the combination therapy exerted antitumor activity partially through inhibiting tumor cell proliferation, promoting tumor cell apoptosis, and activating systemic antitumor immune responses *in vivo*. The safety analysis demonstrated that the combination therapy showed no obvious liver and kidney toxicity to tumor-bearing mice. Our study provides a new treatment option for breast cancer and lays the theoretical basis for the development of ΔA146Ply as an antitumor agent.

Results {#sec2}
=======

Cancer Cell Proliferation Inhibition by the Combination of ΔA146Ply and BBM {#sec2.1}
---------------------------------------------------------------------------

Previous research showed that chloroquine (CQ) has an anti-breast cancer effect.[@bib33] In the present study, we used CQ and pneumoniae endopeptidase O (PepO) as an anti-breast cancer drug and protein controls, respectively. To determine the tumor-suppressive effect of ΔA146Ply, PepO, CQ, and BBM, breast cancer cell lines, including MDA-MB-231, PY8119, 4T1, and MCF-7, were cultured and incubated with ΔA146Ply, PepO, CQ, or BBM, either alone or in combination with each other for the indicated times. The cell viability was determined by the cell counting kit 8 (CCK8) assay. The data in [Figures 1](#fig1){ref-type="fig"} and [S1](#mmc1){ref-type="supplementary-material"} show that ΔA146Ply or PepO alone exerted no or minimal tumor-suppressive effect on these four cell lines studied, and BBM or CQ alone inhibited their growth to a modest degree. The combination of ΔA146Ply or PepO and BBM or CQ significantly enhanced the tumor-suppressive effect of BBM or CQ, with a strongest inhibitory effect occurring at the combination of ΔA146Ply and BBM in MDA-MB-231 and MCF-7 cells. Therefore, we chose the combination of ΔA146Ply and BBM as a therapeutic option in the following studies.Figure 1Cancer Cell Proliferation Inhibition by the Combination of ΔA146Ply and BBMMDA-MB-231 cells (A) and 4T1 cells (B) were incubated with ΔA146Ply (10 μg/mL), PepO (10 μg/mL), BBM (5 μM), CQ (20 μM), or their combinations (left), with a range of ΔA146Ply concentrations (ΔA146Ply, 2.5--20 μg/mL) and a constant concentration of BBM (BBM, 5 μM; middle) or with a range of BBM concentrations (BBM, 1.25--10 μM) and a constant concentration of ΔA146Ply ΔA146Ply, 10 μg/mL; right) for the indicated time points. Proliferation was determined by CCK8 assays, and percentage viability was determined by comparing treatment conditions to medium control, which was normalized to 100. The data are shown as mean ± SD (n = 6).

Our results demonstrated that ΔA146Ply enhanced the tumor-suppressive effect of BBM in time- and dose-dependent manners on these cells except 4T1. In 4T1 cells, the percentage viability at 72 h was higher than that at 48 h, indicating that the therapeutic effect cannot sustain 72 h, and maybe new drugs should be added after 48 h treatment to guarantee a better therapeutic effect. Also, the tumor-suppressive effects of different concentrations of BBM were enhanced by a constant concentration of ΔA146Ply.

Furthermore, we detected the levels of intracellular protein responsible for cell proliferation in MDA-MB-231 cells treated by ΔA146Ply, BBM, or their combination using western blot analysis. The data in [Figure 2](#fig2){ref-type="fig"} show that the phosphorylation of Akt was slightly increased, whereas the phosphorylation of extracellular signal-regulated kinase (ERK) was decreased after ΔA146Ply treatment. BBM treatment modestly inhibited the phosphorylation of Akt. In the combination group, both phosphorylated (p)-Akt and p-ERK levels were significantly decreased compared with the control group, suggesting that the signaling proteins responsible for cell proliferation were inhibited by the combination therapy. Taken together, these results indicate that the combination of ΔA146Ply and BBM significantly inhibits breast cancer cell proliferation.Figure 2Intracellular Signaling Pathway Regulation by the Combination of ΔA146Ply and BBM(A) MDA-MB-231 cells were incubated with ΔA146Ply (20 μg/mL), BBM (5 μM), or their combination for 48 h. Intracellular protein levels were determined by western blot (WB) analysis. Representative bands from three independent experiments with consistent results are shown. (B) Graphs show mean (±SD) protein levels normalized to total (T)-Akt (for p-Akt), T-ERK (for p-ERK), or GAPDH (for BCL-2, Bax, and CC3) (n = 3). Statistical analysis was performed by Student's t test. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001. CC3, cleaved caspase-3.

Cancer Cell Apoptosis Induction by the Combination of ΔA146Ply and BBM {#sec2.2}
----------------------------------------------------------------------

To explore whether ΔA146Ply and BBM, either alone or in combination, can induce cancer cell apoptosis, these cells were cultured and treated with ΔA146Ply, BBM, or their combination at 37°C for 48 h. Cell apoptosis was analyzed by flow cytometry. The data in [Figure 3](#fig3){ref-type="fig"}A show that ΔA146Ply induced a modest apoptosis in MDA-MB-231 cells, whereas enhanced apoptosis was induced when combined with BBM. ΔA146Ply failed to induce the apoptosis of 4T1 cells, whereas BBM treatment increased the percentage of apoptotic 4T1 cells. Also, in the combination group, the percentage of apoptotic 4T1 cells was the highest ([Figure 3](#fig3){ref-type="fig"}B). Both ΔA146Ply and BBM induced the apoptosis of PY8119 cells, with the highest ratio of apoptotic cells in the combination group ([Figure S2](#mmc1){ref-type="supplementary-material"}A). [Figure S2](#mmc1){ref-type="supplementary-material"}B shows that ΔA146Ply modestly induced apoptosis of MCF-7 cells, whereas BBM failed to do so. The percentage of apoptotic MCF-7 cells did not differ between the combination group and the control group, suggesting that triple-negative breast cancer cell lines may be more susceptible to ΔA146Ply or BBM treatment in terms of apoptosis induction.Figure 3Cancer Cell Apoptosis Induction by the Combination of ΔA146Ply and BBMMDA-MB-231 cells (A) and 4T1 cells (B) were incubated with ΔA146Ply (20 μg/mL), BBM (5 μM), or their combination for 48 h. Cell apoptosis was analyzed by flow cytometry. Representative pictures from one of three independent repeated experiments with consistent results are shown. Graphs show mean ± SD percentage of Annexin V^+^ cells (n = 3). Statistical analysis was performed by Student's t test. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001.

Furthermore, we detected the levels of intracellular protein responsible for cell apoptosis in MDA-MB-231 cells treated by ΔA146Ply, BBM, or their combination using western blot analysis. The data in [Figure 2](#fig2){ref-type="fig"} show that the levels of cleaved caspase-3 (CC3) were increased in ΔA146Ply, BBM, and the combination group, as compared with the control group, indicating apoptosis introduction by ΔA146Ply, BBM, and their combination treatment. The levels of B-cell lymphoma 2 (BCL-2)-associated X protein (BAX), a proapoptotic protein, were also increased in ΔA146Ply, BBM, and the combination group compared with the control group, whereas the levels of BCL-2, an anti-apoptotic protein, were decreased significantly only in the combination group, which to some degree, explained the enhanced apoptosis induction effect by the combination therapy. Taken together, these results indicate that the combination of ΔA146Ply and BBM significantly induces apoptosis of triple-negative breast cancer cell lines with a synergistic effect compared with their single agent.

Cancer Cell-Cycle Arrest by the Combination of ΔA146Ply and BBM {#sec2.3}
---------------------------------------------------------------

To measure the difference of cell-cycle distribution after different treatment, cells were cultured and incubated with ΔA146Ply, BBM, or their combination at 37°C for 48 h. Cell-cycle distribution was analyzed by flow cytometry. The data in [Figure 4](#fig4){ref-type="fig"}A show that there was no significant difference in cell-cycle distribution among control, ΔA146Ply, and BBM groups in MDA-MB-231 cells. In the combination group, the ratio of G1-phase cells was increased, indicating that cell cycle was arrested at the G1 phase by the combination therapy. Also, the distribution of cell cycle did not differ among control, ΔA146Ply, and BBM groups in 4T1 cells, whereas the ratio of S-phase cells was significantly increased in the combination group compared with the control group, indicating that cell cycle was arrested at the S phase by the combination therapy ([Figure 4](#fig4){ref-type="fig"}B). In PY8119 cells, the ratios of S-phase cells were increased in ΔA146Ply, BBM, and the combination group compared with the control group, indicating that cell cycle was arrested at the S phase by ΔA146Ply, BBM, and the combination therapy ([Figure S3](#mmc1){ref-type="supplementary-material"}A). In MCF-7 cells, there was no significant difference in the distribution of cell cycle between the control and ΔA146Ply groups, whereas the ratios of G1-phase cells were increased in BBM and the combination groups compared with the control group, indicating that cell cycle was arrested at the G1 phase by BBM and the combination therapy ([Figure S3](#mmc1){ref-type="supplementary-material"}B). Taken together, these results indicate that cell cycle is arrested at different phases in different cell lines by the combination therapy, with human breast cancer cell lines at the G1 phase and mouse breast cancer cell lines at the S phase.Figure 4Cancer Cell-Cycle Arrest by the Combination of ΔA146Ply and BBMMDA-MB-231 cells (A) and 4T1 cells (B) were incubated with ΔA146Ply (20 μg/mL), BBM (5 μM), or their combination for 48 h. Cell cycle was analyzed by flow cytometry. Representative pictures from one of three independent repeated experiments with consistent results are shown. Graphs show mean ± SD of cell ratios at different phases (n = 3). Statistical analysis was performed by Student's t test. ∗p \< 0.05, ∗∗p \< 0.01.

Suppression of Cancer Cell Migration and Invasion by the Combination of ΔA146Ply and BBM {#sec2.4}
----------------------------------------------------------------------------------------

To determine the effect of ΔA146Ply, BBM, or their combination on the migration and invasion ability of cancer cells, high metastatic triple-negative breast cancer cell line MDA-MB-231 was used in this experiment. Cells were cultured and seeded on top of the Transwell inserts and incubated with ΔA146Ply, BBM, or their combination at 37°C for the indicated times. The migrated or invaded cells were stained with crystal violet and observed under a phase-contrast microscope. The data in [Figure 5](#fig5){ref-type="fig"}A show that ΔA146Ply significantly inhibited the migration of MDA-MB-231 cells, with a stronger effect than that of BBM. The migrated cells in the combination group were the least among these groups, suggesting that the combination therapy showed a synergistic suppression effect on the migration of MDA-MB-231 cells. The suppression effect of ΔA146Ply, BBM, or their combination on the invasion of MDA-MB-231 cells showed a similar tendency with the migration assay. The combination therapy also synergistically inhibited the invasion of MDA-MB-231 cells ([Figure 5](#fig5){ref-type="fig"}B). These results establish that the migration and invasion of MDA-MB-231 cells are significantly inhibited by the combination therapy.Figure 5Suppression of Cancer Cell Migration and Invasion by the Combination of ΔA146Ply and BBM(A) MDA-MB-231 cells were incubated with ΔA146Ply (20 μg/mL), BBM (5 μM), or their combination for 18 h. Representative images (original magnification, ×20) of these cells migrating through Transwell inserts toward serum are shown. Graph shows the average (±SD) percentage of migrating cells normalized to medium control (with control set as 100%) (n = 3). (B) MDA-MB-231 cells were incubated with ΔA146Ply (20 μg/mL), BBM (5 μM), or their combination for 24 h. Representative images (original magnification, ×20) of these cells invading through Transwell inserts toward serum are shown. Graph shows the average (±SD) percentage of invading cells normalized to medium control (with control set as 100%) (n = 3). Statistical analysis was performed by Student's t test. ∗∗∗p \< 0.001.

Tumor Growth Suppression by the Combination of ΔA146Ply and BBM *In Vivo* {#sec2.5}
-------------------------------------------------------------------------

To determine the efficacy of the combination therapy *in vivo*, a syngeneic mouse tumor model was constructed by transplanting 4T1 cells to BALB/c mice. When tumor volumes reached 80--100 mm^3^, the mice were randomly divided into four groups and intraperitoneally injected with normal saline, ΔA146Ply, or BBM, respectively. The treatment schedule is shown in [Figure 6](#fig6){ref-type="fig"}A. In brief, ΔA146Ply was injected every 4 days, and BBM was injected every other day. The data in [Figure 6](#fig6){ref-type="fig"}B show that the tumor volume was significantly smaller in the combination group than in the control group. Either ΔA146Ply or BBM treatment just mildly suppressed tumor growth. When used in combination, they showed a synergistic effect. There was no significant difference in the body weight among these four groups, which suggested that tumor-bearing mice tolerated ΔA146Ply or BBM treatment ([Figure 6](#fig6){ref-type="fig"}C). Although the combination therapy did not improve the overall survival of tumor-bearing mice, their median survival time was prolonged ([Figure 6](#fig6){ref-type="fig"}D). [Figure 6](#fig6){ref-type="fig"}E shows the picture of separated tumors at day 15 post-treatment, with the smallest tumor volumes in the combination group. Microscopically, heteromorphic nucleus cells were less, and the tumor cells became more ordered in the combination group at days 9 and 15 after treatment, implying a response to the combination therapy ([Figure 6](#fig6){ref-type="fig"}F).Figure 6Tumor Growth Suppression by the Combination of ΔA146Ply and BBM *In Vivo*(A) Treatment schedule. BALB/c mice (n = 5 mice per group) were subcutaneously implanted with 1 × 10^6^ 4T1 cells in the right hind flank. When tumor volumes reached 80--100 mm^3^, mice received intraperitoneal injections of ΔA146Ply (200 μg) every 4 days and BBM (50 mg/kg) every other day. (B) Tumor growth curves of untreated and treated tumors (∗p \< 0.05, ∗∗p \< 0.01, two-way ANOVA with Tukey's multiple comparisons test). Data are representative of two independent repeated experiments. (C) Body weights of untreated and treated mice. (D) Kaplan-Meier survival curves for 4T1-bearing mice (n = 10 per group, ∗∗∗p \< 0.001, log-rank \[Mantel-Cox test\]). (E) Representative pictures of separated tumors from ΔA146Ply, BBM, or their combination of treated mice at the end of the experiment. (F) Representative images (original magnification, ×20) of tumor sections stained with hematoxylin-eosin at day 9 and day 15 post-treatment.

We further assessed the proliferation and apoptosis of tumor cells at days 9 and 15 after treatment among these groups using immunohistochemistry (IHC) analysis. As shown in [Figure 7](#fig7){ref-type="fig"}A, at the two time points, the levels of Ki67, a nucleoprotein responsible for cell proliferation, were significantly decreased in the combination group compared with the control group or their single-agent group, indicating a synergistic effect and a better response to the combination therapy. Furthermore, the levels of CC3, a protein responsible for cell apoptosis, were significantly increased in the combination group compared with the control group or their single-agent group at these time points ([Figure 7](#fig7){ref-type="fig"}B). The method of terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP) nick end labeling (TUNEL) was also used to detect apoptosis of tumor cells. The data in [Figure 7](#fig7){ref-type="fig"}C show that the ratio of apoptotic cells was significantly increased in the combination group compared with the control group or their single-agent group both at day 9 and at day 15 post-treatment. Taken together, these results establish that the combination therapy significantly suppresses tumor growth *in vivo* partially through inhibiting tumor cell proliferation and promoting tumor cell apoptosis.Figure 7The Proliferation Inhibition and Apoptosis Induction by the Combination of ΔA146Ply and BBM *In Vivo*(A and B) Immunohistochemistry (IHC) analysis was performed using the proliferation marker Ki67 (A) and the apoptosis marker CC3 (B) to determine the proliferation and apoptosis of tumor sections at days 9 and 15 post-treatment. (C) TUNEL assay was also performed to determine the apoptosis of tumor sections. Representative images (original magnification, ×40) and quantification are shown from two independent repeated experiments. Graphs show mean (±SD) percentage of positive area (n = 3). Statistical analysis was performed by Student's t test. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001. CC3, cleaved caspase-3.

Activation of Systemic Antitumor Immunity by the Combination of ΔA146Ply and BBM *In Vivo* {#sec2.6}
------------------------------------------------------------------------------------------

Increasing evidence has demonstrated that microorganisms and their products can inhibit tumor growth via activating systemic antitumor immunity.[@bib22]^,^[@bib23] ΔA146Ply has been shown to induce apoptosis of cancer cells via modulating an intracellular signaling pathway by our above results. Whether it activates host antitumor immune responses remains to be determined. To answer this question, tumor-bearing mice treated with ΔA146Ply, BBM, or their combination were sacrificed, and their tumor tissues and serum were collected for cytokines and tumor-infiltrating myeloid and lymphoid subsets analysis. The data in [Figure 8](#fig8){ref-type="fig"} show that the concentrations of cytokines measured in tumor tissues did not differ among these groups, either at day 9 or at day 15 post-treatment. Although there was no significant difference in the concentrations of cytokines measured in serum at day 9 post-treatment, the concentrations of IL-10 and IL-4 in the combination therapy group showed a decreased tendency compared with the control group. At day 15 post-treatment, the concentrations of IFN-γ in serum were significantly increased in BBM and the combination groups compared with the control group, with a higher concentration of IFN-γ in the combination group. Moreover, at this time point, the concentrations of IL-4 and IL-10 in serum of the combination group showed a decreased tendency compared with the control group. These results indicate the activation of systemic antitumor immune responses.Figure 8The Concentrations of Cytokines in Tumor Tissues and Serum(A and B) ELISA assays were performed to determine IFN-γ, IL-10, IL-4, and TNF-α levels in tumor tissues (A) and serum (B) at days 9 and 15 post-treatment. The data are shown as mean (±SD) protein levels of at least 3 mice per group. Statistical analysis was performed by Student's t test. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001.

We further analyzed tumor-infiltrating myeloid and lymphoid subsets by flow cytometry. The data in [Figure 9](#fig9){ref-type="fig"} show that the ratio of macrophages and dendritic cells did not differ among these groups both at day 9 and at day 15 post-therapy. In terms of tumor-infiltrating lymphoid subsets, we found that the ratio of CD8^+^ T cells was significantly increased in the ΔA146Ply group compared with the control group, both at day 9 and at day 15 post-treatment. Unexpectedly, the ratio of CD4^−^CD8^−^ T cells in the combination therapy was significantly increased compared with the control group, both at day 9 and at day 15 post-treatment, suggesting an antitumor role played by CD4^−^CD8^−^ T cells in the combination therapy. Moreover, the ratio of regulatory T (Treg) cells was significantly decreased in ΔA146Ply, BBM, and the combination group compared with the control group, with a more obvious decrease occurring in the combination group. Taken together, these results suggest that the combination therapy suppresses tumor growth *in vivo* partially through increasing the ratio of CD4^−^CD8^−^ T cells and decreasing the ratio of Treg cells in tumor-infiltrating lymphoid subsets.Figure 9Flow Cytometry Analysis of Tumor-Infiltrating Myeloid and Lymphoid Subsets(A and B) Flow cytometry analysis was performed using the myeloid marker CD11b, the mature macrophage marker F4/80 (A), and the dendritic cell marker CD11c (B) to determine the tumor-infiltrating myeloid subsets at day 9 and day 15 post-treatment. Representative images from one of two independent experiments are shown. Graphs show mean (±SD) percentage of macrophages or dendritic cells (n = 3). (C) The gating strategies for tumor-infiltrating CD4- or CD8-positive T cells (top) and tumor-infiltrating Treg cells (bottom). (D--F) The percentages of tumor-infiltrating CD8^+^ T cells (D), CD4^−^CD8^−^ T cells (E), and Treg cells (F) of tumor-bearing mice at days 9 and 15 post-treatment. The data are shown as mean ± SD (n = 3). Statistical analysis was performed by Student's t test. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001.

Safety Analysis of the Combination Therapy *In Vivo* {#sec2.7}
----------------------------------------------------

To determine the safety of the combination therapy *in vivo*, tumor-bearing mice treated by ΔA146Ply, BBM, or their combination were sacrificed, and their blood, lungs, livers, and kidneys were collected for biochemical and pathologic analysis. The data in [Figure 10](#fig10){ref-type="fig"}A show that alanine transaminase (ALT), aspartate transaminase (AST), and urea levels did not differ between the healthy control group and tumor groups at day 9 post-therapy. At day 15 post-therapy, AST levels were significantly increased in tumor groups compared with the healthy control group, but there was no significant difference among tumor groups, indicating that the increase of AST was caused by tumor instead of tumor therapy. At that time point, both ALT and urea levels did not differ between the healthy control group and tumor groups. What's more, there was no obvious damage in liver and kidney tissues after 9 and 15 days of treatment, according to the gross specimens and pathological sections ([Figures 10](#fig10){ref-type="fig"}B--10D).Figure 10Safety Analysis of the Combination Therapy *In Vivo*(A) Biochemical analysis was performed to determine ALT, AST, and urea levels in serum of tumor-bearing mice at days 9 and 15 post-treatment. The data are shown as mean (±SD) levels of at least 3 mice per group (Student's t test). ∗p \< 0.05; ns, not significant. (B) Representative images of livers, kidneys, and lungs from tumor-bearing mice at days 9 and 15 post-treatment. (C and D) Representative images (original magnification, ×20) of liver, kidney, and lung sections from tumor-bearing mice at day 9 (C) and at day 15 (D) post-treatment. The black arrow indicates a metastatic lesion.

From the gross specimens of lung tissues, we observed that lung injury was alleviated by ΔA146Ply, BBM, and the combination therapy at days 9 and 15 post-treatment ([Figure 10](#fig10){ref-type="fig"}B). The pathological sections also showed alleviation of lung injury in ΔA146Ply and the combination groups, with less broken alveoli and thinner alveolar walls ([Figures 10](#fig10){ref-type="fig"}C and 10D). At day15 post-treatment, metastasis lesions were observed in the lungs of the control group, not in the treatment groups, suggesting that ΔA146Ply, BBM, and the combination therapy effectively inhibit tumor metastasis ([Figure 10](#fig10){ref-type="fig"}D). Taken together, these results suggest that the combination therapy showed no obvious liver and kidney toxicity to tumor-bearing mice, alleviated lung injuries of tumor-bearing mice, and effectively inhibited tumor metastasis.

Discussion {#sec3}
==========

In this study, we provide evidence that the combination of ΔA146Ply and BBM significantly inhibited cell proliferation, promoted cell apoptosis, caused cell-cycle arrest, and suppressed cell migration and invasion of breast cancer cell lines, and *in vivo*, the combination therapy significantly suppressed tumor growth and prolonged the median survival time of tumor-bearing mice. Furthermore, using a syngeneic mouse tumor model, we demonstrated that the combination therapy exerted antitumor activity partially through inhibiting tumor cell proliferation, promoting tumor cell apoptosis, and activating systemic antitumor immune responses. Safety analysis showed that there was no obvious liver and kidney toxicity with the combination therapy.

Triple-negative breast cancer is the most malignant and intractable breast cancer with limited treatment options.[@bib34] Our study provides a novel treatment option for triple-negative breast cancer. The combination of ΔA146Ply and BBM showed a synergistic therapeutic effect against triple-negative breast cancer. The anti-breast cancer effect of BBM has long been established.[@bib32] Our study proved for the first time that a mutant of pneumococcal virulence protein combined with BBM contributes to better tumor control. Microorganisms used for tumor therapy have long been established by William B. Coley, who recognized the anticancer effect of bacteria against sarcoma since 1876.[@bib35] Since then, an increasing number of microorganisms and their products were proven to show antitumor activity against various tumors or modulate host responses to other therapies.[@bib18]^,^[@bib22]^,^[@bib23] However, substantial progress has not been made in the field of cancer microorganism therapy. Only few microorganisms have been used in clinical practice to treat cancer, with examples of an attenuated form of *Mycobacterium bovis* for superficial bladder cancer treatment and oncolytic herpes virus for melanoma treatment.[@bib36]^,^[@bib37] A main reason for this situation may be the safety concerns for live microorganisms as antitumor agents.[@bib18]^,^[@bib22] Our study provides new evidence of a bacterial product, especially a pathogen's product used for cancer treatment. A certain product would avoid the safety concerns of live microorganisms and contribute to tumor control.

In the present study, ΔA146Ply treatment alone did not inhibit cancer cell proliferation, but it induced significant apoptosis of cancer cells, which may explain the enhanced inhibitory effect of the combination therapy on cell proliferation. The effect of ΔA146Ply on proliferation and apoptosis of breast cancer cells seems to contradict each other. A possible reason for this contradiction may be that ΔA146Ply treatment simultaneously promotes cancer cell proliferation and apoptosis, resulting in not a decreased cell number. The combination therapy significantly inhibited proliferation of MCF-7 cells, but it did not induce apoptosis of these cells, indicating that proliferation inhibition and apoptosis induction are two independent cellular processes. Therapies targeting proliferation and apoptosis simultaneously may contribute to better tumor control.[@bib38], [@bib39], [@bib40] This assumption is also supported by the study of Rahmani et al.,[@bib41] where they proved cotargeting BCL-2 and phosphatidylinositol 3-kinase (PI3K) used for acute myelogenous leukemia (AML) treatment.

In the context of migration and invasion inhibition by ΔA146Ply treatment in MDA-MB-231 cells, our results indicate that ΔA146Ply has the potential to inhibit metastasis of triple-negative breast cancer. Increasing evidence has demonstrated that inflammasome activation promotes metastasis of breast cancer.[@bib42], [@bib43], [@bib44], [@bib45] Littmann et al.[@bib46] proved that wild-type pneumolysin inhibited inflammasome activation of human dendritic cells, suggesting that ΔA146Ply may inhibit metastasis of breast cancer through suppressing activation of inflammasome. Whether inflammasome plays a role in our current system remains to be determined. To understand this process in detail, further research is still needed.

*In vivo*, the combination therapy suppressed tumor growth partially through inhibiting tumor cell proliferation and promoting tumor cell apoptosis, which is consistent with our findings *in vitro*. Furthermore, systemic antitumor immune responses were activated by the combination therapy *in vivo*, with evidence of elevated IFN-γ levels in serum of tumor-bearing mice ([Figure 8](#fig8){ref-type="fig"}B). This effect also contributes to tumor growth suppression. The immunomodulation effect of ΔA146Ply has long been proven by our previous studies.[@bib27], [@bib28], [@bib29] In the current system, the activation of systemic antitumor immune responses may not be merely mediated by ΔA146Ply, because at day 15 post-treatment, serum IFN-γ levels were significantly increased in the BBM group compared with the control group, indicating activation of a systemic immune response by BBM treatment. These findings indicate for the first time, at least to our knowledge, that BBM may also exert an immunomodulation effect on tumor-bearing mice. As previous studies on the antitumor effect of BBM have always concentrated on intracellular signaling pathway modulation by BBM treatment,[@bib32]^,^[@bib47]^,^[@bib48] little attention has been given to its immunomodulation effect. A possible reason for this situation may be that a previous mouse model was constructed using a nude mouse, in which its cellular immunity is deficient.[@bib49], [@bib50], [@bib51] However, the detailed mechanisms by which BBM or the combination therapy activates systemic antitumor immune responses remain to be determined.

*In vivo*, ΔA146Ply treatment alone enhanced the ratio of CD8^+^ T cells in tumor-infiltrating lymphocytes both at day 9 and at day 15 post-treatment, which may contribute to tumor growth suppression. In the combination therapy group, the ratio of CD8^+^ T cells in tumor-infiltrating lymphocytes did not increase; instead, the ratio of CD4^−^CD8^−^ T cells significantly increased, indicating that other lymphocytes play a role in this system. A variety of research has proven that γδ T cells play an important role in antitumor immune responses.[@bib52], [@bib53], [@bib54], [@bib55], [@bib56], [@bib57] γδ T cells are CD4^−^CD8^−^ T cells;[@bib58] therefore, we could speculate that the increased CD4^−^CD8^−^ T cells in the combination group were γδ T cells. To support our hypothesis, further research is still needed. Their functions and regulation mechanisms in our current system remain to be investigated by our following studies.

Although our results demonstrated that the combination of ΔA146Ply and BBM synergistically suppressed tumor growth *in vivo*, it seems that ΔA146Ply and BBM may exert different roles in host immunomodulation, with evidence of differences in serum IFN-γ levels and tumor-infiltrating lymphocytes subsets between ΔA146Ply and BBM group ([Figures 8](#fig8){ref-type="fig"} and [9](#fig9){ref-type="fig"}). Therefore, deeper insight into the immunomodulation mechanisms of ΔA146Ply and BBM would provide a theoretical basis for the rational design of their combination in cancer immunotherapy. Our study provides a treatment option of the combination of ΔA146Ply, a pathogen's product, and BBM, a monomer of TCM for breast cancer. The combination of ΔA146Ply or BBM and other therapies, including chemotherapy, radiotherapy, and immunotherapy, may achieve a better therapeutic effect.

Taken together, in the present study, we determined the efficacy and safety of the combination therapy of ΔA146Ply and BBM, providing a novel therapeutic option for breast cancer, especially for triple-negative breast cancer. In the future, we will further investigate the mechanisms by which ΔA146Ply exerts antitumor activities, laying the experimental basis for the rational design of the combinations with ΔA146Ply.

Materials and Methods {#sec4}
=====================

Mice {#sec4.1}
----

Specific pathogen-free, 5- to 6-week-old female BALB/c mice were purchased from Beijing HFK Bioscience (Beijing, China) and maintained at Chongqing Medical University. All mice were maintained with sterile water and mouse chow *ad libitum* under barrier conditions. All experimental procedures were approved by the Ethics Committee of Chongqing Medical University.

Cell Lines {#sec4.2}
----------

Human triple-negative breast cancer cell line MDA-MB-231, mouse triple-negative breast cancer cell lines 4T1 and PY8119, and human estrogen receptor-α-positive breast cancer cell line MCF-7 were purchased from the American Type Culture Collection (ATCC) and cultured according to their constructions to a rough confluency of 75%. Briefly, these cells, except 4T1, were cultured with Dulbecco's modified Eagle's medium (DMEM) (HyClone, Barrington, IL, USA), supplemented with 10% fetal bovine serum (FBS) (Biological Industries, Kibbutz Beit Haemek, Israel) and 1% penicillin-streptomycin (HyClone, Barrington, IL, USA) in 5% CO~2~ at 37°C. 4T1 cells were cultured with RPMI-1640 medium (Gibco), supplemented with 10% FBS and 1% penicillin-streptomycin.

Preparation of ΔA146Ply and *Streptococcus* PepO Protein {#sec4.3}
--------------------------------------------------------

PepO is a ubiquitously expressed pneumococcal virulence protein and used as protein control in the present study[@bib59]. The preparation of ΔA146Ply and PepO protein has been described in detail previously.[@bib27]^,^[@bib59] The Ni^2+^-charged column chromatograph used for protein purification was purchased from GE Healthcare (Buckinghamshire, UK). Polymyxin B agarose used for lipopolysaccharide (LPS) removal was purchased from GenScript (New Jersey, USA). These protein preparations contained no detectable LPS when they were detected by the Limulus amebocyte lysate assay, and the concentrations of the protein preparation were determined by the bicinchoninic acid (BCA) assay.

CCK8 Assay {#sec4.4}
----------

3,000 cells were seeded in 96-well plates and cultured for 24 h before the addition of the protein or drug. These cells were then incubated with ΔA146Ply, PepO, BBM (Sigma-Aldrich, St. Louis, MO, USA), and CQ, either alone or in combination with each other, at different concentrations for indicated times (24 h, 48 h, and 72 h). Proliferation was determined with the use of the CCK8 reagent, according to the manufacturer's directions. 2 h later, the absorbance at 450 nm was quantified. The percentage viability was determined by normalizing the treated values to control (medium-treated) samples.

Flow Cytometry Analysis {#sec4.5}
-----------------------

For apoptosis and cell-cycle analysis, 1 × 10^5^ cells were seeded in 6-well plates and cultured for 24 h before addition of the protein or drug. These cells were then incubated with ΔA146Ply (20 μg/mL) or BBM (5 μM), either alone or in combination, for 48 h. Subsequently, the cells were collected and washed twice with prechilled phosphate buffer solution (PBS). For apoptosis analysis, the cells were stained with fluorescein isothiocyanate (FITC)-labeled Annexin V and phosphatidylinositol (PI) in the dark for 30 min, followed by twice washing and resuspension with PBS for detection. For cell-cycle analysis, cells were fixed with prechilled 75% alcohol at 4°C overnight and stained with PI in the dark for 30 min.

For tumor-infiltrating myeloid and lymphoid subset analysis, tumor tissues were collected on day 9 and day 15 after the initiation of therapy. Subsequently, tumors were cut into about 1 mm^3^ pieces and digested with collagenase IV (1 mg/mL; Sigma-Aldrich) in DMEM at 37°C for 30 min to collect single-cell populations. After termination of digestion with an equal volume of DMEM, supplemented with 10% FBS, cells were filtrated through 75 μm cell strainers; treated with red blood cell lysis buffer (Sangon, Shanghai, China); washed in PBS; and stained with extracellular antibodies, including anti-CD11b (Becton Dickinson \[BD\]), anti-CD11c (eBioscience), anti-F4/80 (BD), anti-CD3 (BD), anti-CD4 (eBioscience), anti-CD8 (eBioscience), and anti-CD25 (BioLegend). For FOXP3 staining, cells were fixed and permeabilized with the FOXP3/transcription factor staining buffer, according to the manufacturer's instructions. Anti-FOXP3 antibody (Invitrogen) was used for intracellular staining. All samples were analyzed with the use of a BD LSRFortessa cell analyzer.

Transwell Assay {#sec4.6}
---------------

Boyden chambers using filters (8 μm pore size; Corning Costar) were used for migration and invasion assays. The filters were coated with Matrigel (BD) before use for invasion assays. Briefly, 5 × 10^4^ MDA-MB-231 cells were seeded on top of the insert and incubated with ΔA146Ply (20 μg/mL) or BBM (5 μM), either alone or in combination, at 37°C for 18 h (migration assay) or 24 h (invasion assay). DMEM, supplemented with 20% FBS, was added to the lower chamber. After fixation with 4% paraformaldehyde, the filters were stained with 0.1% crystal violet in PBS for 20 min. Nonmigrated cells in the upper side of the filters were scrapped off, and the filters were observed under a phase-contrast microscope.

Western Blot Analysis {#sec4.7}
---------------------

1 × 10^6^ MDA-MB-231 cells were seeded in 6 cm dishes and cultured for 24 h before addition of the protein or drug. Then, the cells were treated with ΔA146Ply (20 μg/mL) or BBM (5 μM), either alone or in combination, at 37°C for 48 h. After washing with prechilled PBS, the cells were collected and lysed with radioimmunoprecipitation assay (RIPA; BiYunTian, Shanghai, China) containing a phosphorylase inhibitor and protease inhibitor (Bimake). After the protein concentrations were determined, SDS loading buffer was added to the samples. Then, these samples were boiled for 10 min and centrifuged at 12,000 × *g* for 10 min to remove cell debris. An equal volume of protein was separated using SDS-PAGE gel and transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, Bedford, MA). After blocking with 5% de-fatted milk at 37°C for 2 h, the membrane was probed with the indicated monoclonal antibody at 4°C overnight. These monoclonal antibodies included anti-phospho-Akt (Cell Signaling Technology), anti-total-Akt (Cell Signaling Technology), anti-phospho-ERK (Cell Signaling Technology), anti-total-ERK (Cell Signaling Technology), anti-CC3 (Cell Signaling Technology), anti-BCL-2 (Santa Cruz Biotechnology), anti-Bax (Santa Cruz Biotechnology), and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Cell Signaling Technology). After washing for 4 times, the membrane was incubated with corresponding horseradish peroxidase-labeled secondary goat anti-mouse or goat anti-rabbit antibodies at 37°C for 1 h, followed by 4 washing procedures. The antigen-antibody complexes were detected using a Bio-Rad chemiluminescence detection system, and the expression of GAPDH was used as endogenous reference.

Subcutaneous Tumor Model in Mice {#sec4.8}
--------------------------------

Mice were subcutaneously inoculated in the right hind flank with 1 × 10^6^ 4T1 cells in 0.1 mL PBS per mouse. Vernier calipers were used to measure across two diameters of the tumor, and the formula: volume (V) = length × width^2^ × 0.5 was used to calculate the tumor volume. 7 days after the inoculation, when tumors reached 80--100 mm^3^, mice were randomly divided into four groups (five mice per group for tumor volume analysis and ten mice per group for survival analysis) and intraperitoneally injected with 0.2 mL normal saline for the control group, 200 μg ΔA146Ply in 0.2 mL normal saline for the ΔA146Ply group and the combination group, and 50 mg/kg BBM in 0.2 mL normal saline for the BBM group and the combination group. ΔA146Ply was injected every 4 days, and BBM was injected every other day. The tumor size and body weight were measured every other day. Mice were euthanized when the tumors reached a volume of ∼1,500 mm^3^.

Hematoxylin and Eosin Staining {#sec4.9}
------------------------------

Whole tumors, lungs, livers, and kidneys from euthanized BALB/c mice were fixed with 4% paraformaldehyde, dehydrated with ethanol series, embedded in paraffin, and sectioned into 5 μm series sections. These sections were then stained with hematoxylin-eosin and observed under a light microscope.

IHC {#sec4.10}
---

The tumor sections were de-waxed with xylene, hydrated with ethanol series, treated with sodium citrate at 95°C for 15 min for antigen retrieval, and incubated in 3% H~2~O~2~ to inhibit endogenous peroxidase. After blocking nonspecific staining with PBS containing 1% bovine serum albumin (BSA) (Sigma), the tissues were immunohistochemically stained with monoclonal rabbit anti-Ki67 and anti-CC3 antibody. After incubation with primary antibody, the tissues were sequentially incubated with secondary biotin-labeled antibody and streptavidin-horseradish peroxidase. Following development with 3,3′-diaminobenzidine (DAB) liquid, the tissues were counterstained with hematoxylin.

TUNEL Staining {#sec4.11}
--------------

The tumor sections were stained using an *In Situ* Cell Death Detection Kit, POD assay (Roche), according to the manufacturer's directions for apoptosis analysis.

Enzyme-Linked Immunosorbent Assay (ELISA) {#sec4.12}
-----------------------------------------

The concentrations of tumor necrosis factor α (TNF-α), IL-4, IL-10, and IFN-γ in tumor tissues and serum were determined with the use of specific mouse ELISA kits (BioLegend), according to the manufacturer's instructions.

Biochemical Analysis {#sec4.13}
--------------------

ALT, AST, and urea in serum of euthanized mice were detected using an e702 Automatic Biochemical Analyzer (Roche, Germany), according to the manufacturer's instructions.

Statistical Analysis {#sec4.14}
--------------------

All analyses were performed with the use of GraphPad Prism 5 statistical software (La Jolla, CA, USA). The details of the statistical tests are indicated in the respective figure legends. A two-way Student's t test was used to compare the difference between groups, where the data were approximately normally distributed. Two-way ANOVA with Tukey's multiple comparisons test was used for tumor growth curves analysis. A log-rank (Mantel-Cox) test was used for Kaplan--Meier survival experiments. For all experiments, difference with p \< 0.05 was considered significant.
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